In treating patients with hepatic failure, it is necessary to set an appropriate drug dosing schedule to take into account of their altered drug disposition kinetics. However, little work has been done to estimate the decrease of total clearance (CL tot ) in relation to the degree of residual hepatic function. Therefore, there is great need for a suitable marker to quantitatively predict the hepatic metabolic capacity in patients with hepatic failure.
In treating patients with hepatic failure, it is necessary to set an appropriate drug dosing schedule to take into account of their altered drug disposition kinetics. However, little work has been done to estimate the decrease of total clearance (CL tot ) in relation to the degree of residual hepatic function. Therefore, there is great need for a suitable marker to quantitatively predict the hepatic metabolic capacity in patients with hepatic failure.
In humans, there are five predominant families of cytochrome P450 (CYP) species, CYP1A, CYP2C, CYP2D, CYP2E and CYP3A; all of the isoforms differ in their patterns of drug-metabolizing activity, 1) and the amounts of the isoforms in the liver are altered under conditions of hepatic failure.
2) The drug-metabolizing activity of the liver may be evaluated on the basis of the correlation between the clearance and the ratio of the metabolite(s) to unchanged drug after the administration of specific inhibitors of various CYP isoforms.
Recently, there have been many reports on the expression levels of CYP isoform mRNAs in human liver collected by hepatobiopsy, but no clear correlation has been found between expression levels and the degree of hepatic failure. 3, 4) Finnstrom et al. reported that the expression of CYP mRNA in liver is different from that in blood; therefore, blood cannot serve as a surrogate organ for assessment of the expression of the CYP genes in liver. 5) Panduro et al. 6) reported that liver regeneration and fibrosis are related to g-carboxylase activity, which is associated with a prolongation of prothrombin time in plasma in rats treated with CCl 4 . Clinically, indocyanine green is commonly used to assess hepatic function. 7) However, none of these procedures appears to be suitable for predicting the decrease in hepatic metabolic activity in patients with hepatic failure.
It has been proposed that the drug-metabolizing activity of the liver can be estimated by means of pharmacokinetic analysis after the administration of various probe drugs for CYP isoforms. [8] [9] [10] [11] Matsuo et al. demonstrated that there is a correlation between the CL tot of cyclosporine and the grade severity of liver disease by Child-Pugh classification in patients with hepatitis.
12) However, it is not easy to utilize these approaches to determine the degree of residual hepatic metabolizing ability in patients, as is also the case with creatinine clearance in patients with renal failure.
We previously reported that there is a good correlation between mRNA expression and enzyme activity of various CYP isoforms in the livers of rats with acute hepatic failure induced by various doses of CCl 4 . 13) In that study, we also found a good negative correlation between serum aminotransferase activity (AST) and the hepatic activity of each CYP isoform, though the degree of decrease of CL tot varied markedly among CYP isoforms.
Here, we present a novel procedure to predict the decrease of CL tot , including that for unknown drugs, based on an increase in serum AST activity in rats with acute hepatic failure induced by CCl 4 .
MATERIALS AND METHODS

Materials Adriacin injection
® (doxorubicin hydrochloride) was purchased from Kyowa Hakko Kogyo Co., Ltd. (Tokyo, Japan). Caffeine, tolbutamide and CCl 4 were purchased from Wako Pure Chemicals Co., Ltd. (Osaka, Japan). Preparation of Acute Hepatic Failure Rats Acute hepatic failure was induced by oral administration of CCl 4 to male Wistar rats (8 weeks old, Nippon SLC Co., Ltd., Hamamatsu, Japan), which were used 24 h after the administration.
14,15) CCl 4 was dissolved in corn oil and administered at a dose of 0.01, 0.025, 0.1, 0.25 or 0.5 ml/kg in a volume of 2 ml/kg to rats. The untreated control rats received corn oil alone.
Determination of Serum Aminotransferase Activity Blood samples were collected from the jugular vein of rats with acute hepatic failure under light ether anesthesia before the administration of various drugs at 24 h after an oral administration of CCl 4 . The serum was separated by centrifugation and stored at Ϫ30°C. Measurement of AST activity was conducted by SRL Co., Ltd. (Tokyo, Japan).
Determination of Hepatic Blood Flow Hepatic blood flow (Q h ) was determined using the method of Yokota et al. 16) Each rat was cannulated in the hepatic vein. A priming dose of indocyanine green was injected into the femoral vein, followed immediately by a constant infusion of the dye into the femoral vein through the cannula at a rate of 12-13 mg/min, yielding a steady-state plasma level of 10-20 mg/ml. Two blood samples (each 0.2 ml) were simultaneously withdrawn from the hepatic vein and femoral artery over 10 min, starting 60 min after initiation of the dye injection. Plasma was separated by centrifugation. Aliquots (50-100 ml) of plasma were diluted 10-to 20-fold with distilled water and quantified by measurement of the absorbance at 800 nm.
Animal Experiments A 100 ml aliquot of caffeine (5 mg/kg), cyclosporin A (10 mg/kg), doxorubicin (5 mg/kg), lidocaine (10 mg/kg), tacrolimus (2 mg/kg) or tolbutamide (10 mg/kg) in distilled water, or chlorzoxazone (10 mg/kg) in 0.1 N NaOH, or zonisamide (10 mg/kg) in 50% ethanol, 10% HCO-60 and 10% propylene glycol was injected via the femoral vein. Blood samples (350 ml each) were collected at designated time intervals from the jugular vein under light ether anesthesia. Plasma was separated by centrifugation at 3000ϫg for 10 min and stored at Ϫ30°C. The HPLC assays for caffeine, 17) chlorzoxazone, 18, 19) doxorubicin, 20) lidocaine, 21) tolbutamide 22) and zonisamide 23) were carried out according to the cited methods. The blood concentration of cyclosporin A or tacrolimus was measured with a TDx or an IMx analyzer using a commercial assay kit (Tacrolimus II, Dainabot Co., Ltd., Tokyo, Japan), according to the manufacturer's instructions.
Data Analysis The pharmacokinetic parameters were estimated according to model-independent moment analysis as described by Yamaoka et al. 24) The data were analyzed using Student's t test to compare the unpaired mean values of two sets of data. The number of determinations is noted in each table and figure. A value of pϽ0.05 or 0.01 was taken to indicate a significant difference between sets of data.
RESULTS
Blood or Plasma Concentration-Time Courses of Various Drugs
Untreated control rats and CCl 4 -treated rats were intravenously injected with cyclosporin A (10 mg/kg), doxorubicin (5 mg/kg), tacrolimus (2 mg/kg) or zonisamide (10 mg/kg). As shown in Table 1 , the AST values of the CCl 4 -treated groups were about 15-50 times higher than those of the untreated control groups. The blood (cyclosporin A, tacrolimus) or plasma (doxorubicin, zonisamide) concentrations of these four drugs in the CCl 4 -treated rats were all significantly higher than those in the control rats (Fig. 1) . The pharmacokinetic parameters of these drugs are listed in Table  1 . Each value of the area under the blood or plasma concentration-time curve from 0 time to infinity (AUC) of the CCl 4 -treated group was significantly larger than that of the control group. The values of CL tot of these drugs in the CCl 4 -treated rats were decreased to about 1/2-1/3 of those in control rats, whereas the values of distribution volume at the steady-state (Vd ss ) were not significantly different between the two groups. The Vd ss value for cyclosporin A in the CCl 4 -treated rats became significantly less than that in the control rats, but the change was small.
Correlation between AST and Hepatic Intrinsic Clearance The pharmacokinetic parameters for cyclosporin A, doxorubicin, tacrolimus, and zonisamide in this study (Table  1) and those for caffeine (5 mg/kg), chlorzoxazone (10 mg/kg), lidocaine (10 mg/kg), and tolbutamide (10 mg/kg) obtained in previous study 13) were used for the analyses. The CL tot values were calculated by model-independent moment analysis from the blood or plasma concentrationtime courses of these drugs. Further, the hepatic intrinsic clearance (CL int ) was calculated by using Eq. 1: (1) where CL P tot and CL B tot represent the total clearances of plasma and blood, respectively. Q h , RBP and f p represent the hepatic blood flow, the blood-to-plasma partition coefficient and the plasma unbound fraction, respectively. The values of Q h were measured using indocyanine green in rats at 24 h after treatment with CCl 4 (0.01-0.5 ml/kg). The Q h value in six normal rats was 58Ϯ7 ml/min/kg (meanϮS.D.), whereas that in rats with CCl 4 treatment did not differ significantly from that in normal rats. The RBP and f p value of each drug are shown in Table 2 . Further, rats with CCl 4 treatment (0.01-0.5 ml/kg) were intravenously injected with the eight drugs, and then the CL tot values for these drugs were calculated by model-independent moment analysis. The CL int values were estimated by substituting the values of CL tot , Q h , f p and RBP into Eq. 1. Figure 2 shows the correlations between AST and CL int for the eight drugs. The linear regression equation is represented as follows (Eq. 2): (2) where b and slope are the intercept of the ordinate and the slope of the linear regression equation, respectively. Good correlations were observed between them for the eight drugs (rϭ0.733-0.949), but the slopes showed clear differences among the eight drugs (Table 2) .
Correlation between the Slope and Hepatic Intrinsic Clearance of Normal Rats
The CL tot values were converted to hepatic intrinsic clearance of normal rats (CL int,N ) by using Eq. 1. These values of CL int,N are shown in Table 2 . Figure 3 shows the correlation between the slope and the CL int,N value for the eight drugs. A good correlation was found for seven drugs, excluding caffeine (rϭ0.953). The following linear regression equation (Eq. 3) was obtained. 
DISCUSSION
Here, we propose a novel method which allows us to predict the decrease of CL tot during acute hepatic failure, based on the serum AST activity. We prepared model rats with various degrees of acute hepatic failure induced by administering various doses of CCl 4 . To examine the degree of CL tot decrease in acute hepatic failure, we selected eight probe drugs which are metabolized by various CYP isoforms: caffeine 25) by CYP1A2, doxorubicin 26) by CYP2B1, tolbutamide 27) by CYP2C11, chlorzoxazone 28) by CYP2E1, and cyclosporine A, 29) lidocaine, 30) tacrolimus 29) and zonisamide 31) by CYP3A2. We found that the blood or plasma concentrations of these drugs in CCl 4 -treated rats were significantly higher than those in control rats (Fig. 1) . The AUC values in CCl 4 -treated rats were significantly larger than those in control rats for all the drugs ( Table 1) . The values of CL tot in the CCl 4 -treated rats were significantly smaller than those in control rats, whereas the values of Vd ss were not significantly different. However, we found that the ratio of decrease of CL tot in the CCl 4 -treated group versus the control group ranged from 30 to 60% among these drugs.
There are two main factors affecting the hepatic clearance, i.e., hepatic blood flow and drug-metabolizing activity. In general, the Q h is increased in patients with acute liver disease, 32) and unchanged in patients with acute viral hepatitis, 33) but decreased in patients with chronic liver disease. 34, 35) It has been reported that the Q h in rats with acute hepatic failure is increased by CCl 4 treatment, 36, 37) but in this study we could not confirm the increase of Q h in rats with CCl 4 treatment compared with normal rats. Further, we considered that the values of f p and RBP in rats with acute hepatic failure did not differ from those in normal rats, because there was no significant difference in serum albumin concentration between the two groups.
13) It is well known that basic drugs generally bind to a 1 -acid glycoprotein (AGP). It is reported that serum AGP concentration increases in acute cholecystitis 38) and decreases in cirrhosis. 39) Therefore, the AGP concentration might be altered in rats with acute hepatic failure. However, we considered that the influence of a change in binding to AGP was likely to be negligible, because most basic drugs, such as lidocaine, show hepatic blood flow-limited clearance. Thus, the obtained values of CL tot for these drugs were used to calculate the values of CL int according to Eq. 1, taking into account the values of Q h (58 ml/min/kg), f p and RBP (Table 2 ). There was a good correlation between CL int and AST activity for each drug (Fig. 2) . The correlation with AST was the highest among seven laboratory data in our previous report (data not shown). 13) The results indicate that it may be possible to predict the decrease of CL tot from laboratory data on AST. However, we found that the ratios of decrease of CL int against an increase in AST (slope of the plots) vary markedly among the eight drugs. We previously reported that there is a good negative correlation between serum AST activity and the hepatic enzyme activity of each CYP in the liver of rats with acute hepatic failure, but the decreasing ratio of hepatic enzyme activity differs among CYP isoforms. 13) We have found that there is no agreement between the decreasing ratio of CL int of eight drugs with an increase in AST value (in vivo) and the decreasing ratio of CYP isoform activity for each drug (in vitro). 13) One reason for this may be the difference between the probe drugs used in in vivo studies and the substrates used for measurement of the activity of CYP isoforms. Further, the decreasing ratio of CL tot with an increase in AST dif- The slope value is obtained from the linear regression equation for each drug as shown in Fig. 3 . fers among the probe drugs metabolized by the same kind of CYP isoform. This may be because the in vivo results are dependent on various characteristics of the drug, such as lipophilicity, affinity for the CYP isoform, change of f p , and induction of drug transporter(s) by CCl 4 treatment. Therefore, it does not seem feasible to predict the decreasing ratio of CL tot from the results of in vitro studies.
However, these results indicate that determination of the correlation for each drug may be necessary to predict its CL tot value from the AST value. Thus, we examined whether the slopes of these drugs shown in Fig. 2 are available for the prediction of CL tot for unknown drugs in acute hepatic failure. There was not a good correlation between the slope and CYP isoform or lipophilicity among these drugs. However, we found a good correlation between the slopes and CL int,N values for seven drugs, excluding caffeine (Fig. 3) . Caffeine probably deviated from the correlation line because it is a nonlinearly metabolized drug. 40) However, we could not explain why the greater the CL int,N value, the greater the degree of decreasing ratio of CL int against an increase of AST.
Then, we tried to predict the degree of decrease of CL tot of a model drug from the serum AST value in rats with acute hepatic failure. The slope for a model drug can be predicted by substituting the CL int,N value of this drug into Eq. 3. When the obtained slope and normal AST value (85 IU/l) are substituted into Eq. 2, the b value of this drug can be estimated. Thus, we believe that the CL int of a model drug in acute hepatic failure can be predicted by substituting the AST value into Eq. 2 using the obtained values of the slope and b value for the drug.
In conclusion, we have established a novel method for predicting the ratio of decrease of CL tot in rats with acute hepatic failure from the AST value. The validity of scale-up from rats to humans with acute hepatic failure will need to be confirmed, but this method may be useful for estimating dose modification of drugs in the clinic.
